AD-A124 583 AN RSSESSHENT lJF FRCTORS RFFECTING PREDICTION OF
NERR-FIELD DEVELOPMENT 0.. CU)> COMPUTRTIONAL NECHRNICS
CONSULTANTS INC KNOXVILLE TN A J BAKER ET AL. JUN 8

UNCLASSIFIED NADC-81177-68 N62269-81-C-0395 F/G i/3




ZAAERA Y LRI i/ LR S I P M . b i 3 ’ ey
IRV NN l.. A R . (R P .w.-r-..\cnqﬁ.-r
a1 LERE AN AP LA " . IR 3 un e

E . M
« I
58
c —
_
—
g8
= 3
b4
Z <
o &
m 5
@&
o .
1 W 4
-
=
mmw :
S-
. )
;.
%
vF
Id
) et A,
.
A
2.
&
AT
%
F
'
»
r
a0
h
s
w...—
[, —
Lol e I T I s I T T i~



~ - - " - -et-y
2

~
REPORT NO. NADC-81177-60 /
H
\’ .

SR o0 AN ASSESSMENT OF FACTORS AFFECTING

Yo PREDICTION OF NEAR-FIELD DEVELOPMENT

e o OF A SUBSONIC VSTOL JET IN CROSS-FLOW

. _— A.J. Baker and J.A. Orzechowski
¢ Computational Mechanics Consultants, Inc.

N ¢ 3601-A Chapman Highway
™ Knoxville, TN 37920
2 2
s JUNE 1982
Y - FINAL REPORT
CONTRACT NO. N62269-81C-0395

2 Approved for Public Release; Distribution Unlimited -
<
i Prepared For
N C. Henderson (Code 6053)

“ Aircraft and Crew Systems Technology Directorate
< NAVAL AIR DEVELOPMENT CENTER
Warminster, PA 18974
wd

: >
- O
=
. (>
- v

3 I

g B ~u ooy 002
& R2
t ir.:

o

1

SN R A A -.n-. AR AR IR O . PRI T T et T A '.'_" L



e e T e R T W e T L T T e e T T e e e I R IRl S )

;'#—2:‘»’«..’..—,—‘.5.-._‘ I O N —f“..v ‘.. PR R N R S R e S - PR . - ) ‘h."..- Ca ... -.' - ‘l ““““ P .‘. ..........................
) /
o
ol
| ——
4
1t
NADC-81177-60

»
»
+

el e

NOTICES

REPORT NUMBERING SYSTEM - The numbering of technical project reports issued by the
Naval Air Development Center is arranged for specific identification purposes. Each
number consists of the Center acronym, the calendar year in which the number was -
assigned, the sequence number of the report within the specific calendar year, and
the official 2-digit correspondence code of the Command Office or the Functional
Directorate responsible for the report. For example: Report No. NADC-78015-20

. indicates the fifteenth Center report for the year 1978, and prepared by the Systems
Directorate. The numerical codes are as follows:

CODE "~ OFFICE OR DIRECTORATE
00 Commander, Naval Air Development Center
01 Technical Director, Naval Air Development Center
02 Comptroller :
10 Directorate Command Projects
20 Systems Directorate
30 Sensors § Avionics Technology Directorate
40 Communication & Navigation Technology Directorate
50 Software Computer Directorate
60 Aircraft § Crew Systems Technology Directorate
70 Planning Assessment Resources
80 Engineering Support Group

PRODUCT ENDORSEMENT - The discussion or instructions concerning commercial products
herein do not constitute an endorsement by the Government nor do they convey or
imply the license or right to use such products.

DATE: ‘ / 7/j

APPROVED BY:

- R N L YL ST WP ST S L SR NI SR IR SR SRR AT Te PR R R I AU AT A L L L B B R
.......................................




SECURITY CLASBIFICATION OF THiS PAGE (When Data Bntered)

REPORT DOCUMENTATION PAGE
T, REPGRY NUMBER GOVT ACCESSION NO
NADC-81177-60 A1y 573

3. RECIPIENT'S CATALOG NUMBER ]

4. TITLE (and Subtitte)
AN ASSESSMENT OF FACTORS AFFECTING PREDIC-
TION OF NEAR-FIELD DEVELOPMENT OF A
SUBSONIC VSTOL JET IN CROSS-FLOW.

| o = = =Y o
€. PERFORMING ORG. REPORT NUMBER

§. TYPE OF REPORT & PENIOD COVERED

FINAL REPORT 9/81-6/82

Li. AUTHON(S)
AJ. BAKER and J.A. ORZECHOWSK!

[ "] O]

N62269-81C-0385

P ERTORNNG OROANITATION W ANE AND ADOREI
COMPUTATIONAL MECHANICS CONSULTANTS, INC.
3601-A Chapman Highway

Knoxville, TN 37920

) Aﬁl o WORK NI 'n’u?"am ’

1. CONTROLLING OFFICE NAME AND ADDRESS
C. Henderson (Code 6053)
Aircraft and Crew System Technology Directorate
Naval Air Development Center, Warminster, PA 18974

NI ING AGEN NAME & ADDRESS(I! difforant fream 1ing Otfles)

3. NUMBER OF PAGES

12. REPORT DATE

June 1982

15. SECURITY CLASS. (of this repert)

UNCLASSIFIED
(le

6. DISTRIBUTION STA NT (of this

Approved for Public Release; Distribution Unlimited.

17. DISTRIBUTION STATEMENT (of the abotrest entered in Bloek 20, i1 different from m

e ———————————
18. SUPPLEMENTARY NOTES

19. KEY WORDS (Centinve en roverse side if noscscary and identily by bloek number)

VSTOL Jet
Three-Dimensional Crossflow
Turbulent Flow

Numerical Solutions

ASSTRACT (Continue en roverse side i noscecary and

MMondprMStokammeﬁalsduﬂondooﬂﬂmhubmmdyudfw

prediction of the nearfield flow devel
of slgorithn
mmarized.
complete the
lmcmtion solutions
of the 3DPNS predictions

dlta.
th

DD ,“,,,, 473 soimon orF 1 noves s
$/N 0102-L P01 44600

.......

opment
m definition, with regerds to initial and boundary condition specifications,
A momentum conserving pressure
problem definition and facilitatu problem initislization. A ssquencs o
has been evaluated for prediction of a circular jet at A = 8.0.
have compared
it is crucial Mmdhydaubcnquiudwpomltwmﬂuﬁw ssssmment of the

of a VSTOL jet in subsonic crossfiow. The essen-
gndhnteompuuﬁonh-bundm

quaslitatively with the sparss available ex-

....................................

.......................
...............................

....................




g Pl At At e it Al i St At U R e N e i N e e A e e I T T LTSt Yt )

LNl St e s e i At i ot et Mol gt Banih Ml St e ) woe s R W N N W T e . -
AP N SN SRS S At D Dt A et T e e N e e e e e A

NADC-81177-60

PREFACE

The effort reported herein was performed by Computational Mechanics
Consultants, Inc. during the periofl October 1981 through June, 1982, with
Or. A. J. Baker as Principal Investigator. The sponsorship was provided by
the Naval Air Development Center, Warminster, Pennsylvania, under COntfact
No. N62269-81(:-0395. The NADC Technical Monitor was Mr. Campbell C. Henderson.

111

- —- . e - - - . . e T e . <

b
;. - o y i X T T R T Tt T TR T A T S M e T Tt T T ) e L P . GOt . PR e Sy T T e T
o M NN S e W C o N R O N o T e T e e T T SNSRI

~




0 ¢ MRS
W "' .l’ l’ l' C- P

b ORI
(AN

l‘ ‘..'.:"

.
LY
o

ry
LA

i ~ :‘n};‘:

42,

. ST

43

'f“ LSRRI R
» Saeries

. 4 SRR AR AN
"o Tash Bt 2257325

AN

2

-
l<r
s e

3y -

=X

X

X

», .

L

)
i

-

....
------------------

. o ARSI
e e et T e T

NADC-81177-60

TABLE OF CONTENTS

- b ’ - - u « T ey

PREFACE . . . . .. ..

TABLE OF CONTENTS
LIST OF SYMBOLS .
LIST OF FIGURES .

LI}

INTRODUCTION . . . .

THEORETICAL MODEL .

.

*

e e & o & o o @

Three-Dimensional Parabolic Naviér-Stoges Equations . .
Reynolds Stress Closure Model For 3DPNS

Finite Element Solution Algorithm . . .. .. .. ...

DISCUSSION AND RESULTS .« « & « v v o o e v v me e e v n s

Problem Soecification . . . . . . . . ¢ ¢ ¢ ¢ ¢ ¢ o .

Algorithm Specification . . . . . . . . ¢« ¢ ¢ ¢ ¢ ¢ o « .

Circular Jet Analysis . .'. .

'SMY&CONCLUSIONSO...OQOOOQ.OOOQOO_OOQ

REE.ERENCES' . {""‘ l";;a' ‘. L] L] Ll X L] L] L] . L] L] - L] Ld . L] . L] L] L]
. !“. ” e "’ !

msmxwm,’:‘,‘_’fgﬁ,’:./...................

J.G,‘:a.,; {
— “I."“; '

, !

i
N v
'.(.'\OJ”‘_',A._ *

’n _IAQ
T R/ Ty /

o

iv

..........
LR

.....

- i

iv

viii

O Oy O =

10

13
13
15

17

25




" R oy P ) Cablk’) it iAol Tk M AT i It U C AT R I BRIt it it Tt T B Bt M
mﬂ:.b.zﬁ-.:«u»: A N AR NSRS N SRS NSNS NC RO A AT A A A A AR

E-5

NADC-81177-60
LIST OF SYMBOLS

T NN
[-1)

boundary condition coefficient
coefficient |

differential

O a O

jet diameter

finite element index

TSI
L

mean flow strain rate tensor
function of known argument

integration step size

x » ™M o

turbulence kinetic energy; interpolation polynomial degree

differential operator; length scale

™

differential operator

= r

number of finite elements spanning R"
n unit normal vector; dimensionality

N finite element cardinal basis

P pressure; iteration index

q generalized dependent variable

Q generalized discretized dependent variable
R domain of elliptic operator

Re Reynolds number

) finite element assembly operator

Uy . mean flow Qelocity vector

e Reynolds stress tensor

] reference velocity

X4 Cartesian coordinate system

a _ parameter

aR boundary of solution domain R"

...................................




o ERACIME St Soal Yo Jis Tar St it ouc -"6".'-'.’-;-;-.-'--'-'~'-'-"v‘,-.;.}

e md BRI A A S S S SACACR S ACA i Dar e o s B SRR
A A B AU LA I A B A O S A MR R
.

NADC-81177-60

Kronecker delta; increment
increment; element measure
turbulence dissipation function
Jjet velocity ratio

kinematic viscosity 1
density

mean flow Stokes stress tensor .
harmonic function for conservation of mass

global ‘'solution domain

Superscripts:

h approximation

n dimension of R

0 initial condition
T matrix transpose

mass-weighted time-average

—_— time average

R unit vector

. fluctuating component; ordinary derivative

Subscripts:

- freestream reference condition .
e finite element domain | '
f,d,k,2 tensor indices

J ' jet reference

n normal

sttt e T




g -
- NGRS
S At Attt At At ALt AT R A T AT AL RN T

Fad - NADC-81177-60

Notation:

A3 {1} column matrix

) _ [] square matrix -
!! . U | union

é N intersection

€ belongs to

| | absolute value




g O AL L S N AN . - ) W Te L e W Ve WL LT e e e e T T AR e Ty
2% A LI T L WAL Sl LA T L AP LIS S AP PN PO PO D L T L A W S SRS e G i S TS SN Y e I P PR R
»

..s,:
L™
™
.
oy NADC-81177-60
% LIST OF FIGURES
-
- Figure No. Title Page
g 1. Schematic Description for a VSTOL Jet in a Cross-Flow. 2
: 2. 011 Flow Streaklines on the Injection Plate, 2
& from McMahon and Mosher [8].
§ a) Blockage due to Solid Cylinder
2 b) Blockage due to Circular Cross-Section
. VSTOL Jet, A = 8.
. 3. 011 Flow Streaklines for a Circular VSTOL Jet, 3
L from Margason and Fearn [9].
o 4. Experimental Velocity Distributions, Circular Cross-Section 3
. Jet, A = 8, from Kamotani and Greber [10].
;} a) Axial Isovels, x,/b =7.0
{[ b) Transverse Plane Velocity Distribution, X;/D = 23
" 5. Similitude for Circular Jet Centerline Trajectory, 4
- from Fearn and Weston [11].
5f 6. Experimental Measurement of VSTOL Jet Velocity Distributfons, 4
. Z/D =1.0 and Z/D = 3.0, Y/D = 0., from Fearn and Benson [12].
- 7. Experimental Measurement of VSTOL Jet Transverse Plane 5
{2 8. 3DPNS Computational Simulation Solution Domain 14
. a) 3DPNS Solution Domain Q
-
X b) Transverse Solution Domain Discretization URZ
£ '
>, 9. Comparison of 3DPNS Virtual Region Solution, Transverse 18
% Velocity Distributions, Circular Cross-Section VSTOL Jet,
b A=8., X;7/7D = 0.25,

a) dp/dx = 0, Equation 27
. b) dp/dx # 0, Equation 27
' c) dp/dx = 0 and diz(c) = 0

“.‘~'l\‘c Mgy 4y r ) .' ..“-'. -

viii

v‘.p :-n s r




o Sk e e 0 § S
e
i
o
14

2
.
E»,

;
3
e
N
i

i

o

'
4l
K
p oY
.."‘

RS T

Cw Ve o

T W L J B it M At TwTrL

. NADC~-81177-60
Figure No. Title
10. Summary of 3DPNS Virtual Region Solution, Transverse

11.

12.

13.

14.

15,

-, ".“‘\0" -,

o W W, W L4 R PSS AT SN A 4 . -t . Lt et Y. P et . . . Vel . . W ote . . o .. LU
. o, -j DL R TS . \ T e e e T T e e T T e L L T W T T e et e T T e e
FLON TN \Afl AR VRIS AR R P AT R« LR R W WP e A e bt ks . b

Velocity Distributions, U2 = 0 on Symmetry Plane,
Circular Cross-Section VSTOL Jet, A = 8.

a) x1/D = (0,5
b) X3/D = 0.75
c) X;/D = 1.0

Summary of First Interaction Solution Transverse Plane

Velocity Distributions, Circular Cross-Section

VSTOL Jet, A = 8.
a) X;/D =0.5
b) X,/D = 0.75
c) X;/D =1.0

Summary of Second Interaction Solution Transverse Plane
Velocity Distributions, Circular Cress-Section
VSTOL Jet, A = 8.

Second Interaction Solution Fields, Circular Cross-
Section VSTOL Jet, A = 8, X3/D = 0.75.

a) Pressure Coefficient C

.

p
b) Axial Velocity U

Second Interaction Solution Reynolds Normal Stress

"Distributions, Circular Cross-Section VSTOL Jet,

A =8, X;/D = 0.75. :
a) Axial Normal Stress ujui
b) Transverse Normal Stress uzu:z

c) Transverse Normal Stress usus

Second Interaction Solution Reynolds Shear Stress
Distributions, Circular Cross-Section VSTOL Jet,
A =8, X3/D = 0.75,

a) Reynolds Shear Stress ujuz

b) Reynolds Shear Stress ujus

c¢) Reynolds Shear Stress uzus

ix

e " s oA e e TP 3P e e AN RFR e St LU IR L M e Tt e T
d PEATS Ey NaE i fan. T T S W M xS N AN A M e e T e

.............

22

23

24

26

27




NADC-81177-60

INTRODUCTION

Analysis and experimental evaluation of the aerodynamics of a subsonic
VSTOL iet in cross-flow has been a major focus of a segment of the technical
community. cf., references [1-7]. Figure 1 is a schematic illustration of
the basic geometry. The fundamental differences in the cross-flow velocitv
field immediately adjacent to plane of injection of the VSTOL jet, Z = 0 in
Figure 1, and a solid cylinder of the same diameter, is evident in the oil-
flow streakline data of McMahan and Mosher [8], see Figure 2. Figure 3, a
close-up view of similar data obtained at 0.N.E.R.A., and referenced by
Margason and Fearn [9], clearly illustrates an entrainment mechanism on the '
wake side of the jet, with the indication of localized reversal of the cross-
flow velocity component. In the farfield,well downstream of the plane Z = 0,
and referenced in the curvilinear coordinate system Xi, Figure 1, the char-
acteristic "horseshoe" isovel distribution for Y and secondary vortex
structure for u, and u; is well documented. Figure 4 summarizes the data of
Kamotani and Greber [10], as a typical example.

Much Tess is known regarding the interaction between the jet and the
cross-flow in the nearfield, i.e., in the region 0 < Z/D < 2.0. Fearn and
Weston's [11] correlation of experimental data on the trajectory of the jet
centerline. Fiqure 5, confirms the absence of data on Z/D < 10. Fearn et.al.
[12] recently report a compilation of limited data, for circular cross-section
VSTOL jets at A = 4 and A = 8, as obtained using a pitot-static pressure rake
on the region 1.0 < Z/0*< 3.0. Figure 6 summarizes the measurement of the
velocity component roughly parallel to the Z axis at Z/D = 1.0 and Z/D = 3.0.
These data indicate some entrainment from the wake at Z/D = 3.0, but none is
evident in the data at Z/D = 1.0. Figure 7 contains measured velocity vector
distributions in the X-Y plane at the same Z/D stations. Neither wake
entraimment nor secondary vortex structure is indicated at Z/D = 1.0.
Limited entrainment is evident at Z/D = 3.0, but the data is too sparse to
confirm that the secondary vortex has been initiated.

The purpose of this study was to expand and refine the three-dimensional
parabolic Navfer-Stokes alaprithm, reported by Baker, et.al. [13], and to
assess factors controllina prediction of the near-field flow development of
a VSTOL jet in cross-flow at A = 8. The results of this study are reported
herein.
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. a) Axial Isovels, X1/D = 7.0

Figure 4.
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b) Transverse Plane Velocity

Distribution, X,/D = 23

Experimental Velocity Distributions, Circular Cross-Section Jet,
A = 8, from Kamotani and Greber [10].
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Figure 5 Similitude For Circular Jet Centerline Trajectory,
From Fearn And Weston [11].
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Figure 6. Experimental Measurement of VSTOL Jet Velocity Distributions,
Z/0 = 1.0 and 2/D = 3.0, Y/D = 0., from Fearn and Benson [12].
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THEORETICAL MODEL

Three-Dimensional Parabolic Navier-Stokes Equations

The 3DPNS equation set is a simplification of the steady, three-dimensional
time-averaged Navier-Stokes equations. In Cartesian tensor notation and
employing superscript tilde and bar to denote mass-weighted and conventional
time-averaging, respectively [14], the conservation equation form for an
isoenergetic fluid is

L(3) = 373 [Buj] s 0 (1)

L(pi;) =-§-§ [au,.uj +Boyy + AU - 513] =0 (2)
L(pk) = 2— lpusk + (¢, & puruy - fisy,) K
axj J ke Pivj ij’/ ax
Aut -

! T +pe=0 (3)

- = -n E ——y 3e ] =>—> € a~1
L(pe 5;—[ ol 5€ + Cee CTHTH axj ]+ Ce vy 5;3—
2
2 pe? o
+ Ce 5 0 (4)

In equations 1-2, p is (constant) density, ﬁj is the mean velocity vector,
p is pressure, 5ij is the Kronecker delta. The Stokes stress tensor a,j is
defined in terms of the Reynolds number Re as

and pu;uz is the Reynolds stress tensor. The fluid kinematic viscosity is

v, and Eij is the mean flow strain rate tensor

.................



. au u
g —lfJ- (6)

Equations 3-4 are the transport equations for turbulent kinetic energy
and isotropic dissipation function, as obtained using the closure model of
Launder, Reece and Rodi [15] for the pressure-strain and triple correlations,

and
- —r
- Jau; du
_ 2 R |
€=73 axy Ky }6jk (8)

The various coefficients Cg are model constants, Hanjalic and Launder [16].
The parabolic Navier-Stokes equation set is derived from equations 1-4
assuming the ratio of extremum transverse mean velocity component to down-
stream (axial) component is less than unity and that: (1.) the downstream
velocity component suffers no reversal, (2.) diffusive transport processes
in the downstream direction are higher-order, hence negligible, and
(3.) the overall elliptic character of the parent three-dimensional Navier-
Stokes equation is enforced through construction of a suitable pressure field.
Viewing Figure 1 for the VSTOL jet problem, the x, (curvilinear) coordinate
defines the predonfinant mean flow direction with scalar velocity component ﬁl
of order unity, i.e., 0(1). Hence, assume O(iiz) ~ 0(S8) ~ O(lis) and 0(4)
< 0(1). Then, the continuity equation 1 confirms that the downstream
variation in U, must be of order equal to appropriate transverse plane
variations of ii2 and Uj; hence, for %;T = 0(1), %;; x 0(6'1)s %7;.

(RT EI XL IR Y

encn e b . ooa

? Determination of the relative order of terms in the Navier-Stokes equations
‘ . 1-4 is straightforward, cf. reference [17]. The 3DPNS form denoted P,
for the i, momentum equation is

LP(5uy) = gTi (b Ualij) + —ggl + %G[Ouluz - 5sz
+ %" [pulua - 513] =0 (9)
3
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Should xj correspond to a curvilinear coordinate description,the derivatives
expressed in equation 9 become the covariant derivative. The order of
pressure variation in the transverse plane is determined by the first order
terms appearing in equation 2 written on {i; and iis. Retaining the higher-
order convection and laminar diffusion terms for generality, the 3DPNS form
for both transverse momentum equations is [17],

2% 2
L(5)=3_g+l_[aaa + 5T -a]=o (10)
ax2 axjaxz A | L7 zj

which defines the 3DPNS 1imited index summation convention, 1 < (1,3) <3,
2 < % <3, Equation 10 is an elliptic boundary value specification for
pressure distributions in the transverse plane. The pressure field that
satisfies this Poisson equation is resolved into the complementary and
particular solutions.

P(x;) = pglxy) + pplxy) ()

The complementary pressure is the solution to the homogeneous form of
equation 10. The particular pressure pp satisfies equation 10, subject to
homogeneous Dirichlet boundary conditions on boundary segments where Pe is
known. The 3DPNS form for equations 3-4 is

Py« 2 Ko gs ) 2K
L7(k) = o, pligk) + i["(c e Ujly - V&) axz]

TV
)
L \'s

s ~

k. - ou

E +pUlu£ -aT;j"'DE'O (12)
‘::i P ._ kK —=—= 3e_

o L"(e) (pﬁie) + = o, [Cég THTH x;]

7

a

o —— 0 - 2

- T SR (13)
4

v

a4 e m i ata etalalata axallax
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With determination of equation 10 as governing first-order phenomena,
it is necessary to'retain the 0(8) transverse momentum equations to
permit determination of Gz. Retaining the highest two orders of terms, the
corresponding 0(8) transverse momentum equations are

I-G(Bﬁk) = gx_1 [pﬁu’ik + puiul’(J

Bﬁzﬁk + pu;u; + Bskzl- &ké]’ 0 (18)

Equation 12 employs the additional limited index 2 < k < 3. The middle two
terms in the second bracket are 0(1), while the remaining terms are all 0(§).
As a consequence of using equation 14, it becomes necessary to enforce the
first-order effects of the continuity equation 1 directly on its solution.
The theoretical concept is to enforce a measure of the continuity equation
(solution) as a differential constraint on solution of the 0(§) transverse
momentum equations 14. This solution measure is chosen as the harmonic
function ¢(xz), the solution to the Poisson equation

LP(4) zg—:% - G zo (15)

The boundary conditions for ¢ are homogeneous Dirichlet everywhere at farfield.

Reynolds Stress Closure Model for 3DPNS

A closure model for the kinematic Reynolds stress -u;us » appearing in
equations 9-13 is required. A stress-strain rate constitutive equation yields
the kinematic form [17],

— k*z Kp :
'U1Uj = -ka.lj + CIOE E.Ij + CZCszEikEkj + ... (]6)

where Eij is the symmetric mean flow strain-rate tensor given in equation 6.
Retaining terms of the first two orders of significance, the 3DPNS form for
the Reynolds stress tensor is
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U707 = Cak - czc.'-:-:- ﬁ-ﬂz - 2°~k?z{‘:%§'_
U7 = Cok - czc.':—’:[-;j-'}}]z zc“l‘e‘z":%f_!
au {o_’; s 20 |
X2 (3xy 3x2y|
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Finite Element Solution Algorithm

The 3DPNS equation system has been identified for the dependent variable
set qj(xi) = {q} = {U,, U2, U3, B,k,e}T. The governing system includes
equations 1, 9, 10, 12, 13 and 15. Equations 9, 12 and 13 contain the
initial value term that permits a space-marching procedure. Equation 10
is an elliptic boundary value problem with parametric initial-value dependence.
The continuity equation 1 solution becomes recast and utilized as a differential
constraint.

The generalized form for the 3DPNS equation set is,
LP(q,) = 23— (5 Thay) + 3 [pil,q, + f, [+ s. =0 (18)
UG’ %axy P 0 Ty [P T Tag)t %y
where fm\1 and sj are specified nonlinear functions of their arguments as

determined by the index j: The solution domain Q is defined as the region
2> 0 in Figure 1.
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The finite element numerical solution algorithm for equation 16 defines
the approximation qg(xz.xx), to the (unknown) exact solution qj(xz’ X1),
as _

g St At e

T
OADT  XRAKAAN

M
Q3(xg, x1) * qj(xz. x1) = L qj(xz, X1) . (19)

Planes Z = C are discretized into a finite glement distribution and in each
finite element Rg, the elemental approximation is

alxge x1) = My (x)7 (Qa(x1)], (20)
In equations 19-20, j(J) is a free index denoting members of {q }, and
sub- or superscript e denotes pertaining to the eth finite element, Qg = Rg

X X1. The elements of the row matrix {Nk(x )} are linear (k = 1)
polynomials on Xy » 2 < & < 3, spanning triangles.

The finite element algorithm requires the generated error Lp(qg) to be
orthogonal to the functions {N } employed to define q?. In addition, the
discrete approximation Lp(ph) to the continuity equation is enforced as a
differential constraint on La(pﬁg). The theoretical statement of the finite
element solution algorithm is then

fazNLP(@NAE + By [paviN, KM = (0) _ (21)

Equation 21 defines a system of ordinary differential equations written
in the jet direction parallel to Xq in the form

[c]{Qu}” + [U]{qQJ} + [FLIJ{qQL}

+ {SJ} = {0} (22)

Using the trapezoidal integration rule,
AXy j .
{FJ} = {QJ}j_,,] - {QJ}j - =7 [{Qu} j+ o+ {QJ}‘;] z {0} (23)

and substituting equation 22 defines a system of nonlinear algebraic equations
for determination of the elements of {QJ(x1)}. The Newton iteration algorithm
for equation 23 is

11
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[3(F 1, (s0a2By) = - tFald,

and

iy = @h,; + sk

Additional details on the algorithm are given in reference [17].
algorithm is operational in the COMOC:3DPNS computer program [18].

RPN SUUR -

The

(24)

(25)
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DISCUSSION AND RESULTS

Problem Specification

The analysis of a VSTOL jét in cross-flow, using the 3DPNS computational
simulation, requires specification of the following:

a) Solution domain extent, Q = R? x x1
b) Boundary conditions for qi(xi) on 3Q = 3R x x3

R% x x1 (0)

c) Initial conditions for qi (xi) on Q

d) Estimation of the X, pressure gradient for the {i; momentum equation.

Recalling Figure 1, the solution domain is the region Z > 0, and of sufficient
lateral extent to permit specification of boundary conditions corresponding to
the imposition of cross-flow. Since the plane Y = 0 is a plane of symmetry,
only one-half of the physical problem need be discretized. Figure 8a) is a
sketch of the 3DPNS domain Q. denoted by vertex array A-B=C-D and including
the region Z > 0. Since for A = 8, the jet axis does not exhibit significant
curvature on 0 < Z/D < 5, Figure 5, the 3DPNS coordinate system X is coin- ~
cident with the laboratory reference frame X,Y,Z. The 3DPNS solution is
marched parallel to the x, (Z) axis.

Since the 3DPNS equation system is an elliptic boundary \1lue description
in the Xy~ X plane, A-B-C-D.in Figure 8a), a boundary condition statement
is required for every member of qi (xl, xz). On D-A,the symmetry plane,
each dependent variable is assumed to exhibit a vanishing normal derivative,
ie., aqilaxz = 0 on D-A. Boundary segment A-B corresponds to the upstream
cross-flow boundary, whereupon &, = U_(- J), and k and ¢ are specified as a
function of location within the boundary layer assumed attached to the x:- X3
plane. Both i, and &i; are assumed to exhibit vanishing normal derivatives on
A-B.. Boundary segment B-C is assumed sufficiently remote from the jet thatthe
onset flow U (-3) proceeds unaltered parallel to B-C. A1l other dependent
variables are assumed to exhibit vanishing normal derivatives, specifically
including {is, the computed non-zero level of which will correspond to deflec-
tion and/or entrainment of the cross-flow by the jet interaction. Boundary
segment D-C is assumed located sufficiently downstream from the jet such
that the imposed cross-flow is recovered, e ., Us(xy, X, = B-C) = U, (- j)

13
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Figure 8. 3DPNS Computational Simulation Solution Domain.
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A1l other variables are assumed to exhibit vanishing normal derivatives
on segment C-D. Figure 8b) is a graph of the discretization R? = URg.
with the cross-flow distribution imposed on the boundary.

The initial condition specification for q?(xl(o),xz) on Q = R? x x1(0)
defines the basic problem and consists principally of the jet cross-flow
velocity ratio and the character of the boundary layer region adjacent to
the plane of injection. As discussed at length in reference [17],it is
necessary to augment the velocity component parallel to Xy by a small
constant background level to render the 3DPNS description nonsingular.

For a velocity ratio of A = Uj/U°° = 8, the background level for {ii(x:, xz)
= 0.2 Uj was determined acceptable and used for these studies. The jet

is defined to exist in a semi-circular region of Q, centered on the X,
axis, Figure 8. The imposed cross-flow i, is assumed to exist only on the
boundary segments A-B-C of 3Q, starting at a zero level at x, =0 and
proceeding through a boundary-layer type evolution until iz = U_ (- J) at
some specified distance above the injection plane, say x;/D =~ 1.0. The
initial condition for Ui everywhere interior to 3Q, and for iiy except on
segment A-B, is self-generated by the 3DPNS analysis by the action of the
continuity constraint numerical algorithm. The initial distributions for
k and € proceed through a similar boundary layer development.

Algorithm Specification

Recalling the ordering analysis yielding the 3DPNS simplification, the
transverse plane momentum equations were determined to govern pressure dis-
tributions via a Poisson equation. The VSTOL problem specification presents
a significant challenge in that the complementary pressure solution is a
uniform constant since the inviscid flowfield exterior to the domain Q is
uniform. The particular pressure solution contains the entire pressure
distribution resulting from the action of generated Reynolds stress and

" transverse plane velocity field distributions. However, no initial speci-
fication can be completed since there is no knowledge of the Reynolds stress
and velocity field distributions on the interior of Q and near the injection
plane Z ~ 0. This is not a critical issue with the transverse plane velocity
solution ﬁl since first-order effects are governed by the continuity equation.

15
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However, the first-order momentum equation for i, contains the x,-pressure
gradient as a source term, and an estimate is required to achieve the first
solution.

The resolution of this issue was accomplished in this study by definition
of a "virtual region" with an auxiliary pressure gradient computation, and
an interaction procedure involving multiple overlapping 3DPNS solutions.

The "virtual region" computation is the first 3DPNS solution generated on
the span 0 < x;/D < 1.0, i.e., marching from the injection plane a distance
of up to one jet diameter parallel to the jet. In this region it is assumed
that the momentum imparted to the jet flow by the injection process is main-
tained nominally constant in an overall integrated sense. The measure of
the x; momentum is the integral

m >
My = | pup dx = I.! ply dx (26)

The last form of equation 26 is the sum of integrals over the two dimensional
plane of the discretization, Figure 8b). An axial (x;) pressure gradient is
computed, from the change in momentum computed from equation 26, according
to the definition

%ﬁ_ - zA(my) = -(my(x;) - mg) (27)
X1 © Ay A '

In equation 27, Aj is the cross-sectional area occupied by the jet at the
injection plane, 1.e., the area of the finite element domains interior to the
semi-circle defining the jet, Figure 8b).

The solution of equation 27 is a scalar estimate of the pressure gradient

' parallel to the x; axis required to maintain the mean momentum of the jet.

The remainder of the 3DPNS algorithm is solved,as discussed in the previous
section, specifically including the particular pressure field which is written
onto an output file at preselected stations on 0 < X,/D < 0.5. 1In addition,
the entire virtual region 3DPNS solution dependent variable set is written

16
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onto the output file af a pre-determined axial station, say X,/D = 0.25,
to serve as a new set of initial conditions for the subsequent interaction
;olution.

The first interaction solution overlaps the virtual region solution on
0.25 < X,/D < 0.5, and extends further downstream parallel to the jet axis
to X;/0 = 1.0. On the overlap region, the axial pressure gradient for the
U1 momentum equation is constructed by differencing-the stored particular
pressure distributions from the virtual region solution. The last pressure
gradient, computed in this manner, is also extrapolated and used for the
3DPNS solution on the extended region 0.5 < X;/D < 1.0. The first inter-
action solution particular pressure distributions are utilized directly in
the transverse momentum equation solutions, as well as written onto the
output file at preselected axial stations for use in the second interactich
solution.

The second, and subsequent interaction solutions are restarted at
X1/0 = 0.25, or further along the jet axis, using the most rece: . 3DPNS
solution particular pressure distributions to ~ompute the pressure gradient
for the ii; momentum equation. Each subsequext tateractiet solution is
carried progressively further downstream along the jat axis than the span
for which the pressure distributions have been computed from the previous
solution. Within each solution, howaver, the current particular pressure
solution is employed in a non-delayed manner in the transverse plane momentum
equatifons. In this manner, item d) of the 3DPNS analysis requirements is
met, assuming that the pressure gradient iteration procedure is convergent
and yields flowfield predictions in agreement with experimental data.

Circular Jet Analysis

The principal requirement is to verify the developed 3DPNS procedure
for prediction of the near-field flowfield evolution of a circular cross-
section VSTOL jet at A = 8. Figure 9 summarizes the virtual region solutions
in terms of computed velocity vector distributions in the half-plane trans-
verse to the jet axis at X;/D = 0.25. Without the imposition of a pressure
gradient in the U, momentum equation, the applied crossflow :nmediately
penetrates into the jet region, Figure 9a). Even though the periphery of
the jet is well defined, this penetration is at variance with the experimental
data, Figure 7a).

17
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Computing the X; direction pressure gradient, according to equation 27,
and applying it yields the ﬁz velocity distribution shown in Figure 9b).
There occurs a pronounced turning of the crossflow towards the jet, and a
stagnation point is predicted about one-half diameter downstream of the
jet boundary in the wake region. However, substantial {i, velocities are
still predicted on the jet centerline. For comparison, deleting the
pressure gradient computation and defining ii. = 0 on the centerline within
the jet, yields the prediction shown in Figure 9c),which differs in only a
small way from Figure 9b).

These results indicate that the virtual region computation, with momentum
conserving pressure gradient, can produce an initialization for the subsequent
3DPNS solutions that is acceptable. The pressure gradient application is
crucial in that without it the crossflow always penetrates the jet. A
sequence of additional computations confirm that the principal action of the
pressure gradient is to counter-balance the strong turbulent mixing on the
upstream face of the jet. Without this balance, a large x;-derivative of U,
results, fe., 9U1/3x; << 0. Since iis = 0 and 3ilis/3xs = 0 on thé symmetry
centerplane and within the jet, the balancing of first order effects
controlled by the continuity equation must yield generation of a significant
velocity component ii;. The momentum conserving pressure gradient computation
serves to balance this coupling mechanism within the continuity equation.

Figure 10 summarizes the 3DPNS virtual region i, solution on 0.5 < X,/D
< 1.0, as generated using the momentum conserving pressure gradient. For
this solution, the ii, velocity component on the symmetry plane within the jet
was also set to zero. At X;/D = 0.5, there appears a nominal radial outflow
within the jet region, a wake stagnation point about 0.5D downstream, and a
beginning indication of entrainment from the wake, Figure 10a). There is
little qualitative change in the appearance of this transverse plane velocity
distribution on 0.5 < X1/D < 1.0, except for elimination of the rear wake
stagnation point.
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The principal requirement of the solution of Figure 10 is to provide a
pafticu1ar pressure distribution for the i, momentum equation for the first
interaction solution. Since the data of Figure 10 exhibit some level of
qualitative agreement with the experimental data of Fearn et al, Figure7,
the first interaction can be executed. For this and subsequent solutions,
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Figure 10. Summary of 3DPNS Virtual Region Solution, Transverse Velocity
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VSTOL Jet, A = 8,
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U2 on the symmetry plane within the jet is released and computed assuming

a vanishing normal derivative boundary condition. Figure 11 summarizes the
first solution as transverse plane velocity distributions. The boundary of
the jet is clearly defined at Xi/D = 0.5, and the jet deflection action on
the crossflow is quite evident. Particularly encouraging is the almost
purely transverse qutflow velocity us, computed in the foreward half of the
Jet region on 0.5 < X;/D < 1.0. This action is in quite good qualitative
agreement with the data, Figure 7a). Also, this solution gives almost no
evidence of a roll-up of a secondary vortex is indicated by the data.
However, intrusion of a relatively large component of U, occurs, interior
to the jet at X,/D = 1.0, which does not agree with the indications of the
experimental data.

Figure 12 summarizes the second interaction solution on 0.75 < X,/D
< 1.25. A rather substantial increase in entraimment action is indicated
at Xy/D = 0.75, in comparison to Figure 11b), and a nominal transverse
outflow for ii; is maintained on the jet interior. Further, a wake region
stagnation point has reappeared which persists to X,/D = 1.25. However, the
U2 mass flux through the jet core region persists at X,/D = 1.0, and is even
more pronounced at X,/D = 1.25.,

These 3DPNS predictions indicate that the lack of knowledge regarding
the detailed distribution of axial pressure gradient in the ii; momentum
equation is a constraint. Even with this limitation, however, a substantial
quantitative assessment of a plausible nearfield evolution of the crossflow
has been generated. In particular, Figure 13 is a graph of pressure
coefficient distribution C) = 1« 5df/o U7 on the plane X;/D = 0.75.
Assuming that exterior to the jet region this pressure distribution is
nominally imposed through the crossflow boundary layer, the general distribu-
tion of isobars 1s in qualitative agreement with data [10].

In particular, the extremum level on the lateral downstream side of

the jet 1is due directly to the strong entraimment velocity field predicted
by the 3DPNS solution and confirmed by many experiments. Further, Figure
13b) is a plot of isovels of the jet direction velocity distribution ;.

The initially semi-circular contours have been noticeably bowed laterally in
the direction perpendicular to the imposed crossflow. This is also in good
qualitative agreement with data, cf. Figure 4a), and is solely the result of
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the induced transverse plane velocity field ﬁz'

As discussed, the pressure field computed in the 3DPNS algorithm responds
to first-order to the Reynolds stress distributions, coupled to lower order
with the transverse velocity field, see equation 11. The accuracy of the
3DPNS solution depends critically therefore on the stress distributions.
Figure 14 summarizes the second interaction solution prediction of the
Reynolds normal stress distributions at X;/D = 0.75. All three components
exhibit profile contours geometrically similar to the i, isovel distribution,
with the peak levels coincident with the extremum gradients in ;. Figure
15 graphs the corresponding 3DPNS solution for Reynolds shear stress distri-
butions at X1/D = 0.75. The extremum gradients in Ujuz and ujus are parallel
to the corresponding transverse coordinate direction 62, as expected. It
would be highly informative to have experimental data for comparison of
these predictions.

SUMMARY AND CONCLUSIONS

A three-dimensional parabolic Navier-Stokes numerical solution algorithm
has been analy ed for prediction of the nearfield flow development of a VSTOL
jet in subsonic crossflow. The essential aspects of algorithm definition,
with regards to initial and boundary condition specifications, has been
summarized. A momentum conserving pressure gradient computation has been
developed to complete the problem definition and facilitate problem initial-
ization. A sequence of overlapping interaction solutions has been evaluated
for prediction of a circular jet at A = 8.0. The results of the 3DPNS pre-
dictions have compared qualitatively with the sparse available experimental

data. It is crucial that quality data be acquired to permit quantitative
assessment of the results of this analysis procedure.
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